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Nuclear DNA amounts in European Callitriche species
(Callitrichaceae)
L.P. Pijnacker* and H.D. SchotsmanIt
SUMMARY
Nuclear DNA amounts were determined for ninespecies, one
subspecies and one hybrid of the European Callitrichaceae.The 2C
DNA values ranged from 1 -82 pg to 8-30 pg due to variation in
chromosomenumbers (2n = 6-38) and loss (maximally 40-9%) or
amplification (maximally 28-5%) of the DNA amount. The results are
discussed in relation to phylogeny.
Key-words: Callitriche, chromosomes, DNA amount, phylogeny.
INTRODUCTION
There is some evidence that the submerged species are descendants of terrestrial taxa.
The former species show, for instance, an important reduction in their morphological and
anatomical characters (Schotsman 1982a). The species with 2n — 8 are eitheramphibious,
aquatic or submerged, and species with2n =6 are submerged only (see Table I). Therefore
a reduction incharacters seems to be coupled with a decrease in chromosomenumbers. It
is not known how the karyotype evolution towards 2n =6 took place. All the chromo-
somes ofthe species with In = 10,8 or 6 have distinct arms and intraspecific chromosomal
polymorphism has been observed in some populations of C. obtusangula and C. stagnalis
(Schotsman 1967)
The species with 2n = 20 have several characters in common with the 2n— 10 species.
C. platycarpa (2n = 20) arose by allopolyploidization according to Savidge (1960) but by
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In Europe the genus Callitriche(Callitrichaceae) presently comprises at least 14 species of
which 13 species and 1 subspecies are well known (Schotsman 1954, 1967, 1969,1972a,b,
1982a; Dersch 1974; Schotsman & Andreas 1980; Schotsman & Haldimann 1981;
Haldimann 1982; Cook 1983). The delimitationof the taxa is based on a combinationof
morphological and anatomical characters, floral biology, cytological data, ecology and
geographical distribution. Two species and one subspecies live wholly submerged in water
(called ‘submerged’), two species live in water as submerged formor as form with floating
or aerial rosettes (‘aquatic’) and nine species grow in water as submerged form or as form
with floating rosettes and in humid soil as terrestrial form (called ‘amphibious’). The
intrageneric chromosome numbers range from 2« = 6 to 2n = 38. The most frequent
number is 2« = 10 and the basic number(x) is 5 (see Table 1).
Species with 2n= 10 have characters in common with landplants (Schotsman 1982a)
and most ofthese taxa can live wholly emerged. Because the species of this genus probably
originated from terrestrial phanerogames (Arber 1920; Takhtajan 1959), 2« = 2jc =10
could be the most primitive chromosome numberofthe genus.
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autopolyploidization according to Schotsman (1967). Which of these processes gave rise
to the polyploidy of C. palustris (2n =20) is also unknown. C. hybrid (2n = 15) is the only
hybrid sensu stricto in this genus and probably originated from a cross between
C. cophocarpa (2n=I0) and C. platycarpa (2« = 20; Savidge, 1959; Schotsman 1961b,
1967; Dersch 1974; Schotsman & Haldimann 1981). At least one of the species with 20
chromosomes is closely related to a species with 10 chromosomes.
C. brutia(2 n=28) and C. hamulata(2n =38) are peculiar since they are morphologically
almost similar (Schotsman 1967,1982a). They couldbe delimitatedthrough theirecology,
geography and chromosome numbers. They are allopolyploids according to Hedberg &
Hedberg (1977).
Further evidence for systematic relationships within the genus Callitriche can be
obtained by hybridization studies. Gene exchange between taxa, however, is generally
prevented by various isolating mechanisms, one of the most important being the strong
tendency to geitonogamy (Schotsman 1967, 1982a, b). The karyotypes have not, as yet,
been analysed with the aid ofchromosome-banding methods, cytophotometry or molecu-
lar techniques. Nuclear DNA amounts can be used to interpret the evolutionofspecies. In
this study the DNA contents ofninespecies, one subspecies and one hybrid are determined
and the data contributeto the phylogenetic analysis ofthe European Callitrichaceae.
MATERIALS AND METHODS
Species and Provenance. The following Callitrichespecies were investigated.
C. truncata Guss. subsp. occidentalis (Rouy) Schotsm. Spain, Andalucia, CotaDonana,
1984, H.D. Schotsman.
C. lusitanica Schotsm. Spain, Andalucia, Las Habas, 1984, H.D. Schotsman.
C. regis-jubae Schotsm. Spain, Province ofCadiz, Castellar de la Frontera, 1981, H.D.
Schotsman.
C. obtusangula Le Gall, (a) France, Department of Cher, Clemont, 1981, H.D.
Schotsman. Population with standard karyotype (without polymorphism), (b) Idem,
1981, in culture by H.D. Schotsman.
C. stagnalis Scop. France, Department of Cher, Cerdon, 1981, H.D. Schotsman.
Population with standard karyotype (without polymorphism).
C. cophocarpa Sendtn. Switzerland, Jura, Les Seignolis, 1982, Haldimann.
C. hybrid. France, Jura, La Verrerie, 1982, G. Haldimann.
C. platycarpa Kiitz. (a) Switzerland, Jura, La Ronde, 1982, G. Haldimann.(b) France,
Department of Cher, La Chapelotte, 1981, H.D. Schotsman.
C. palustris L. Spain, Central Pyrenees, Province of Huesca, Valley of Esera, 1984,
G. Haldimann.
C. brutia Pet. Ireland, West Cork, Kilcrohane, 1981, B. van Zanten (identified by H.D.
Schotsman).
C. hamulata Kutz, ex Koch. France, Department of Cher, Nangay, 1981, H.D.
Schotsman.
Some species are rare or occupy a limited area. Specimens of C. hermaphroditica U
C. pulchra Schotsm., C. cribrosa Schotsm. and C. lenisulca Clav. couldnot be discovered
during recent years.
Methods. The specimens, collected in nature (((C. obtusangula also cultured), were fixed in
3:1 absolute ethanohglacial acetic acid (v/v) and stored in a deepfreeze until further
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processing. Within three months after fixation the plants were hydrolysed in 5n HC1 at
room temperature for 25 minand stained by theFeulgen-reaction for 2 h. Root tips and/
or parts of youngleaves were squashed in 45% acetic acid and the slides madepermanent
in euparal by the freeze method.
The nuclear DNA content in arbitrary units was measured using a Zeiss MPM 01
microscope photometer with equipment as described by Tempelaar (1980). The nuclei of
at least three plants fromeach sample of one species were measured. Since the specimens
were collected over 4 years, plants from one species of which the DNA amount had
already been established, were collected again in the next yearof sampling. Measurements
on the nuclei of these plants and of a potato (see below) were used as a control to obtain
standardizedresults. The nuclei of tissues displaying mitoses were measured only. The 2C
DNA value was calculated from the measurements of interphase nuclei in Gj. That the
values were obtained fromG
x nuclei, was established by comparing them with the values
of prophases and telophases which were considered to be 4C and 2 x 2C, respectively.
The relative DNA values were corrected to picograms using theabsolute DNA amount
of interphase nuclei of root tips of the interdihaploid potato clone H
2
578 (In = 2x = 24; 2C
DNA= 1-80 pg) as a standard (Jacobsen et al. 1983; cf. Bennet & Smith 1976). The root
tips were fixed and processed in the same way as the test material. The interphase struc-
tures ofthis potato are rather similar to thoseof the species of Callitricheand thus suitable
as reference.
RESULTS AND DISCUSSION
The results of the DNA measurements of interphase nuclei are summarized in Table I.
The amounts of DNA in absoluteunits are presented at the 2C leveland perchromosome.
A 2C amount ofabout2-8 pg DNA was foundin three outof fouramphibious species with
10 chromosomes, namely C. regis-jubae, C. stagnalis and C. cophocarpa. If, as mentioned
in the Introduction, 10 chromosomes are the ancestral diploid chromosome number
(basic number x= 5), then it may be assumed that 2-84 pg DNA (mean amount) is the
original 2C amount of the species of Callitriche. Starting from the correctness of this
assumption, the observed values represent valuable information (for reviews see Price
1976; Bennett & Smith 1976; Flavell 1982; Walbot & Cullis 1985).
The original amount is still present in C. cophocarpa , from which the values of
C. stagnalis and C. regis-jubae do not differsignificantly (/-tests: P> 0 05). These species
differentiated(cf. Schotsman 1967, 1977) withoutchanging their nuclearDNA amounts.
C. obtusangula is the only species with 10 chromosomes with a significantly different,
namely a 28-5% higher, amount ofDNA (/-test: RcOOl). Increase or decrease in nuclear
DNA content has been recorded before for related plant species with similar chromo-
some numbers and has been explained as being due to amplification or deletion of base
sequences, respectively, by unknownprograms(Price 1976; Flavell 1982; Walbot& Cullis
1985). It is not known where the amplification took place in the chromosomes of
C. obtusangula. This species differs from C. regis-jubae, C. stagnalis and C. cophocarpa in
pollen shape and in a rare anatomical character of the pericarp (Schotsman & Andreas
1974; Schotsman 1977). Moreover, the pollen grains of C. obtusangula are not recognized
by the stigmata of C. stagnalis and vice versa (inhibition of pollen germination and pollen
tube growth), though these plants have a similar pollination (Schotsman, unpublished).
These facts provide evidence for a remarkable phylogenetic distancewhich is sustained by
and may have occurred through the increase in nuclear DNA.
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2C nuclear DNA Chromosome DNA amount per
Number amount/pg number chromosome

















submerged 50 2-61 ±0 13 6 0-44
aquatic 82 1-82 +0 11 8 0-23
amphibious 59 2-88 +0-15 10 0-29
amphibious 88 3-65 +0-21 10 0-36
amphibious 75 3-66+0-19 10 0-37
amphibious 63 2-80±0-l4 10 0-28
amphibious 89 2-84 ±0-18 10 0-28
amphibious 68 4-14 +0-19 15 0-28
amphibious 51 5-52 +0-21 20 0-28
amphibious 58 5-55 +0 18 20 0-28
amphibious 94 3-38 +0-16 20 0-17
amphibious 74 5-46 ±0-20 28 0-20
amphibious 125 8-30 +0-30 38 0-22
The DNA valueof C. lusitanica{In = 8) indicates a loss of36-2% of DNA and the value
ofC. truncata subsp. occidentalis(2n =6) a loss of8-2% DNA compared with the original
2C amount. (The 2C value of C. truncata differs significantly from that of C. stagnalis;
/-test: P<001). Theevolution towards lower chromosome numbers is thus not followed
by a proportional diminutionin nuclearDNA content. A decrease in the basic numberof
chromosomes may occur by either centric ( =Robertsonian) fusion of acro-or telocentric
chromosomes (John & Lewis 1968) or meiotic missegregation of multivalents in double
interchange heterozygotes (Schubert & Rieger 1985). In both situations the genome loses
one translocated chromosome which is formed by non-essential(short) arms. Though not
evidenced by the shape of the chromosomes (acrocentries only; Schotsman 1967), such a
loss must have occurred once in the genomeof C. lusitanica and twice in the genomeof
C. truncata subsp. occidentalis. The slight reduction in the DNA content of C. truncata
subsp. occidentalis could then have been the result ofthe loss of two non-essentialtranslo-
cated chromosomes per genome(cf. Marks 1983). However, C. lusitanica has lost much
more DNA than can be explained by the loss of one translocated chromosome. This
means that the genome lost a large amount of other dispensable DNA (cf. Price 1976;
Flavell 1982; Walbot& Cullis 1985). Theevolutionfromspecies with terrestrial characters
with In= 10 towards submerged species with lower chromosomenumbers, as noted in the
Introduction, is thus accompanied by a complex karyotype evolution.
C. platycarpa (2n = 20) has double the original quantity of nuclear DNA, which is in
accordance with the presence of polyploidy. This species is considered to be an
allotetraploid of C. cophocarpa and C. stagnalis by Savidge (1960), but may equally be an
autotetraploid of C. cophocarpa according to Schotsman (1967). The DNA amount (per
chromosome) indicates that the ancestral parents were amongthe species with 10 chromo-
somes and about 2-8 pg DNA, to which C. cophocarpa as well as C. stagnalis belong. It
Not available: C. hermaphroditicar*. submerged, 2« =6; C. pulchra, submerged, 2« =8; C. cribrosa, am-
phibious, 2n =8; C. lenisulca, aquatic, 2n= 10.
￿Dutch species; C. cophocarpa very rare, last record from 1930.


















remains to be solved whether C. platycarpa has a hybrid origin or not. It is the only
polyploid species which retained the original amount ofDNA per chromosome.
The sterile naturalhybrid C. hybrid {2n = 15), collected in the Jura, probably originated
from a cross between C. cophocarpa {2n= 10) and C. platycarpa (2n = 20), according to
Schotsman (1967) and Schotsman & Haldimann (1981). The DNA measurements do not
conflict with this assumption, for the DNA amount per chromosome (0-28 pg) of the
hybrid is similar to that of the parental species.
Compared with C. platycarpa, C. palustris (2 n = 20) has a much lower amount of DNA.
The content per chromosome(0-17 pg) is the lowestof all species measured. This species is
probably tetraploid because the chromosomesare acrocentric and rather similar to those
of the 2n = 10 species (Schotsman 1954, 1967). If so and if the ancestor(s) had 10 chromo-
somes with about 2-8 pg DNA, the genomesof this species lost 40-9% DNA withoutloss
of chromosomes. C. palustris also differs in some traits, e.g. in the pollination processes,
from the other species with 2n= 10 and 20 chromosomes (Schotsman 1954, 1982a) and
thus is clearly separated phylogenetically.
Hedberg & Hedberg (1977) suppose that the chromosome numbers of C. brutia
(2 n = 28) and C. hamulata(2n = 38) arose through hybridization between an afromontane
species with 2n=18 and a species with 2n= 10 and 2n = 20, respectively, followed by
doubling of the chromosomes, but Schotsman (1982b) doubts such an alloploid origin.
The total quantities of DNA point to polyploidy. The DNA content per chromosome of
these species is low and a loss of 36 0% and 27 0% DNA took place at the hexaploid level
for C. brutiaand at the octoploid level for C. hamulata, respectively. In both species it is
likely that diminutionof DNA is due to Robertsonian fusion or meiotic missegregation,
as described above, because of the presence of a pair of metacentric chromosomes and
hypoploidy for two chromosomes(Schotsman 1961a,b, 1967; Haldimann 1982). Because
the metacentrics are found in both species and have a normal meiotic behaviour, the
interchanges apparently took place in oneoftheancestral parents and not since the origin
of these species. Whatever may have happened, the quantity of DNA lost in this way
equals the amount of two non-essential translocation chromosomes inboth species. The
highpercentages ofloss indicatethat somewhere in the genomesDNA diminutionnot due
to chromosomal rearrangementshas taken place. Because C. brutiaand C. hamulatahave
several characters in common, some authors (Clapham et al. 1962; Perring & Walters
1962) concludedthat these callitrichesare subspecies (ofC. intermediaHoffm.). However,
Schotsman (1954, 1958, 1967) and Haldimann (1982) considered them as species,
which is supported by the differences in loss of DNA content per genome.
The species C. lusitanica, C.palustris and C. brutiahave to pass a short generation time
for climatological and ecological reasons (Schotsman 1982a). They are equipped with a
low DNA content per chromosome. The nuclear DNA content of a plant is corre-
lated with the minimum generation time of that plant according to Bennett (1972).
Consequently, these three taxa may have lost DNA as an adaptation toarapid development
(cf. Grime & Mowforth 1982). C. antarctica Engelm. (2/? = 40) from the sub-Antarctic
islandSouth Georgia hasa lowerDNA content (0-23 pg DNA perchromosome) in order to
survive in a cold environment (Bennett et al. 1982). This may also apply to C. hamulata
which prefers a cold water habitat (Schotsman 1967).
The present study demonstrates that the European taxa of Callitriche have a more
complex evolutionary history than previously supposed. The evolutionary relationships
between the species can be explored further if the karyotypes are analysed first with
chromosome banding techniques.
L. P. PIJNACKER AND H. D. SCHOTSMAN134
ACKNOWLEDGEMENTS
We are grateful to Mr G. Haldimann(La Chaux-de-Fonds, Switzerland) and Dr B.O. van
Zanten (University of Groningen, The Netherlands) for collecting plants, to Ms M.A.
Ferwerda for cytological assistance, to Dr Ch.H. Andreas (Haren, The Netherlands) for
her assistance in the preparation of this paper and to Ms S. Walburgh Schmidt for typing
the manuscript.
REFERENCES
Arber,A. (1920): Waterplants.A Study ofAquatic An-
giosperms.CambridgeUniversity Press, Cambridge.
Bennett, M.D. (1972): Nuclear DNAcontent and mini-
mum generationtime in herbaceous plants. Proc. R.
Soc. London B181: 109 135,
— & Smith, J.B. (1976): Nuclear DNA amounts in
angiosperms. Phil. Trans. R. Soc. B274: 227-274.
—,
—
& Lewis Smith, R.l. (1982): DNA amounts
of angiosperms from the Antarctic and South
Georgia. Env. Exp. Bot. 22: 307-318,
Clapham, A.R., Turin, T.G. & Warburg,E.F. (1962):
Flora ofthe British Isles. 2nd edn CambridgeUniver-
sity Press, Cambridge.
Cook, C.D.K. (1983): Aquatic plants endemic to
Europe and the Mediterranean. Bot. Jahrb. Syst.
103: 539-582.
Dersch, G, (1974): Ober einige Chromosomenzahl-
ungen an mitteleuropaischen Bliitenpflanzen. II.
Philippia2:75-82.
Flavell, R.B. (1982): Sequence amplification,deletion
and rearrangements:major sources ofvariation dur-
ing species divergence. In: Dover, G.A. &
Flavell, R.B. (eds): Genome Evolution: 301-323.
Academic Press, London.
Grime, J.P. & Mowforth, M.A. (1982): Variation in
genome size—an ecological interpretation. Nature
(London) 299:151-153.
Haldimann, G. (1982): Contribution a 1’etude
cytologique de Callitriche hamulata Kiitz.
(Angiospermae). Bull. Soc. Neuchat. Sc. Nat. 105:
59 63.
Hedberg, I. & Hedberg, O. (1977): Chromosome
numbers of afroalpine and afromontane angio-
sperms.
Bol. Notiser 130: 1-24.
Jacobsen, E.,Tempelaar, M.J. & Bijmolt,E.W. (1983);
Ploidy levels in leaf callus and regeneratedplants of
Solanum tuberosum determined by cytophoto-
metric measurements of protoplasts. Theor. Appl.
Genet. 65:113-118.
John, B. & Lewis, K.R. (1968): The Chromosome
Complement. Protoplasmatologia VIA: Springer-
Verlag, Wien & New York.
Marks, G.E. (1983): Evidence for the occurrence of
dispensable and disadvantageous chromatin. In:
Brandham, P.E. & Bennett, M.D. (eds); Kew
Chromosome Conference II: 269-272. George Allen
& Unwin, London.
Perring,E.H& Walters, S.M.(1962):Atlasofthe British
Flora. Cambridge University Press, Cambridge.
Price, H.J. (1976):Evolution ofDNA content in higher
plants. Bot. Rev. 42: 27-52.
Savidge, J.P. (1959): An interspecific hybrid in
European Callitriche. Proc. Bot. Soc. Brit. Isles 3:
335.
— (1960): The experimental taxonomy of European
Callitriche. Proc. Linn. Soc. London 17t: 128-130.
Schotsman, H.D. (1954): A taxonomic Spectrum of
the section Eu-Callitriche in the Netherlands. Acta
Bot.Neerl. 3:313-385.
— (1958): Beitragzur Kenntnis der Callitriche-Arten
in Bayern. Ber. Bayer. Bot. Ges. 32:128-140.
— (1961a): Notes on some Portuguese species of
Callitriche. Bol. Soc. Brot. Series 2. 35: 95-127.
— (1961b): Contribution a 1’etude des Callitriche du
Canton de Neuchatel. Bull. Soc. Neuchat. Sc. Nat.
84:89-101.
—(1967): Les Callitriches —Especes de France et Taxa
nouveaux d’Europe. In Jovet, P, (ed.): Flore de
France Vol. 1, Lechevalier, Paris.
— (1969); Le nombre chromosomique de CalH-
triche pulchra Schotsm. Bull. CERS, Biarritz 7
869-872.
— (1972a); Note sur la repartition des Callitriches en
Sologne et dans les regions limitrophes. Bull.
CERS, Biarritz. 9: 19-52.
—(1972b): Callitrichaceae. In;Tutin,T.G.,Heywood,
V.H., Burgess, N.A., Valentin,D.H., Walters, S.M.
& Wegg, D.M. (eds): Flora Europasa 3: 123-126.
CambridgeUniversity Press, Cambridge.
— (1977): Callitriches de la region mediterraneenne.
Nouvelles observations. Bull. CERS. Biarritz 11:
241-312.
— (1982a): Biologie florale des Callitriche: etude sur
quelques especes d’Espagnemeridionale. Bull. Mus.
Naln. Hist. Nat. Paris, Series 4, Section B,
Adansonia, 3-4:111 160.
— (1982b); L’hybridation chez les Callitriches.
Colloque "Hybridation et Systemalique", Mus.
Natn. Hist. Nat. Paris, pp. 69-81.
—
& Andreas, Ch.H, (1974): Callitriche lenisulca
Clav., espece meconnue. Bull. CERS. Biarritz. 10;
285-317.
— & — (1980): Callitriches de la region mediter-
raneenne III. Observations personnelles et nou-
CALLITRICHACEAE 135
velles remarques sur les especes des lies Baleares
(Menorca et Mallorca). Bull. CERS, Biarriiz. 13:
77-88.
— & Haldimann, G. (1981): Callitriches inedites du
Jura frarujais: C. cophocarpa Sendtn., C. platycarpa
Kiitz et 1’hybride dans la partie septentrionale. Bull.
Soc. Neuchdt. Sc. Nat. 104: 131-143.
Schubert, I. & Rieger, R. (1985): A new mechanism for
altering chromosome number during karyotype
evolution. Theor. Appl. Genet. 70:213-221.
Takhtajan, A. (1959): Die Evolution der Angio-
spermen. Fischer, Jena.
Tempelaar, MJ. (1980): DNA-content in isolated
nuclei of post-embryonic stages of progeny from
normal and irradiated males of Tetranychus
urticae Koch (Acari, Tetranychidae). Chromosoma
(Berlin) 77:359-371.
Walbot, V. & Cullis, C.A. (1985): Rapid genomic
change in higher plants. Ann. Rev. Plant. Physiol.
36:367-396.
